As a result of recent investigations, the cytoskeleton can be viewed as a cytoplasmic system of interconnected filaments with three major integrative levels: self-assembling macromolecules, filamentous polymers, e.g., microtubules, intermediate filaments and actin filaments, and supramolecular structures formed by bundles of these filaments or networks resulting from cross-bridges between these major cytoskeletal polymers. The organization of this biological structure appears to be sensitive to fine spatially and temporally dependent regulatory signals. In differentiating neurons, regulation of cytoskeleton organization is particularly relevant, and the microtubule-associated protein (MAP) tau appears to play roles in the extension of large neuritic processes and axons as well as in the stabilization of microtubular polymers along these processes. Within this context, tau is directly involved in defining neuronal polarity as well as in the generation of neuronal growth cones. There is increasing evidence that elements of the extracellular matrix contribute to the control of cytoskeleton organization in differentiating neurons, and that these regulations could be mediated by changes in MAP activity. In this brief review, we discuss the possible roles of tau in mediating the effects of extracellular matrix components on the internal cytoskeletal arrays and its organization in growing neurons.
Introduction
The molecular factors that affect neuronal morphogenesis and its differentiation constitute a central paradigm in modern cell biology. The structure and integrity of the cytoplasm of eukaryotic cells depend on the assembly and organization of the network of interlinked filaments that form the cytoskeleton: microtubules, actin filament and intermediate filaments (1) . These polymers, which exhibit variable degrees of assembly dynamics (2) , coexist as a result of multiple macromolecular interactions that determine the precise intracellular distribution of cytoskeletal filaments, covering wide domains within the cytoplasm, and interacting with most of the cellular organelles, including mitochondria, centrosomes, lysosomes, and the cell nucleus and membrane.
The structural and functional organization of living cells, and therefore the spatial array of their components, are generated through a process of growing complexity. Cell morphology is determinant for specific cell functions, and therefore the architecture of cells appears to be finely regulated in response to structural demands of cells within the context of their functions. The cytoskeleton is a system of interconnected filaments, in which three major integrative levels can be distinguished: self-assembling macromolecules, filamentous polymers, e.g. microtubules, intermediate filaments and actin filaments, and supramolecular structures formed by bundles of these filaments or cross-bridges between these major cytoskeletal polymers ( Figure 1 ). When cytoplasmic macromolecules assemble into supramolecular structures that shape the cytoskeleton, a set of properties of living cells emerge, such as their capacity of dividing, growing, moving and changing their morphology during differentiation. The architecture of cells is provided to a large extent by the cytoskeletal organization (3). However, in addition to the internal components and regulatory signals, extracellular events can also contribute to the complex regulatory patterns of cytoskeletal organization (4) .
In the analysis of the different associations between cytoskeletal components, a major question emerges: how can cytoplasmic macromolecules or extracellular signals contribute to cytoplasmic organization and neuronal shape? On the other hand, how is this structure modulated as a consequence of the multiple functional demands of neuronal cells? The study of protein-to-protein interactions that play a key role in the structure of the cytoskeletal network has been one of the main aspects of our recent investigations (5). 
Factors influencing microtubule organization and neurite stability and outgrowth
Neuronal microtubules constitute major structures directly involved in neuronal morphogenesis, with different subsets of tubulin specifically expressed in neuronal and glial cells (6) . Their assembly and dynamics appear to be modulated by MAPs. Different animal tissues contain variable sets of MAPs, and the cell type-specificity of these proteins may account for their differential expression in each type of cell (7) . In experiments in which cDNAs of tau and MAP-1B were transfected into HeLa cells and fibroblasts, microtubules were stabilized against depolymerizing agents (8) . Post-translational modifications of microtubules are directly involved in the determination of morphogenesis in neurons (9) . The fact that these microtubules are enriched in acetylated tubulin suggests that this post-translational modification of tubulin renders microtubules more resistant to depolymerization. In N2A neuroblastoma cells, studies using depolymerizing agents demonstrated that tau colocalized in a discrete fashion along stable microtubular polymers, while a more continuous association of tau along less stable microtubules containing tyrosinated tubulin was also observed (10) . The experiments indicate that there is a differential association of tau isoforms into stable and weak microtubules, and that tau association into more dynamic polymers containing tyrosinated tubulin contributes to their stabilization.
Further evidence of the roles of MAPs in neuritogenesis comes from studies on N18 neuroblastoma cells, which grow as loosely attached and morphologically undifferentiated spherical cells. However, removal of serum leads to greater adherence to a substratum and to the initiation of neurite outgrowth (11) . Neurite differentiation begins within minutes and differentiated morphology is attained within 3 days in the low-serum environment. Even though the nature of extracellular matrix components used as substrate contributes to neuronal outgrowth, initiation of neuritogenesis is not simply a matter of adhesion, since N-18 cells grown over poly-D-lysine but in the presence of 10% serum do not extend neurites. Studies have indicated a role of MAPs in regulating microtubule assembly during nerve fiber outgrowth (12) . High speed supernatants from N-18 differentiated cells were active in inducing in vitro microtubule assembly from purified brain tubulin, but extracts of undifferentiated cells were unable to promote microtubule polymerization.
The role of tau in neuronal growth
An increasing amount of information supports the role of neuronal tau proteins in the outgrowth of neuronal processes and the establishment of neuronal polarity (13, 14) . Tau induces tubulin assembly into microtubules, stabilizes these cellular polymers, and controls their dynamic instability by affecting the rates of polymerization and transition to catastrophic depolymerization (15) . Thus, an integrated view of the neuronal form of tau led to the suggestion that its major role is to regulate microtubule assembly and dynamics. This is supported by a substantial increase in tau expression concomitant with neurite extension (16) . In essence, the changes in the expression of tau in transfected cells appear to play a critical role in the ability of tau to promote neuritic stability in cultured cells (17) .
Early microinjection studies have pointed out that the in vivo actions of neuronal tau to induce and stabilize microtubules, which are necessary for neuronal activity, may not be sufficient to explain neuronal morphogenesis (18) . Therefore, an important role revealed for tau is the directing of the neuronal outgrowth process from the cell soma to the distal ends of axon-like neurites (19) . Within this context it is proposed that critical targets for the action of tau on neuronal growth are precisely the distal axons and growth cones (19) . In fact, in polarized hippocampal neurons, the enzyme cdk-5 becomes concentrated at the distal tip of growing axons, associating with the subcortical cytoskeleton (20) . Also, it was shown that specific phosphorylations of MAP-1b occur during neuronal outgrowth in neuroblastoma cells, and this modification is related to an enhancement of microtubule assembly (21) . Therefore, besides tau the high-molecular weight MAPs (MAP-1b, MAP-3) also appear to be involved in neuronal growth (22) .
A major question to address is how tau function is regulated. At this level it is worth mentioning that tau proteins are produced by a single gene by alternative splicing, which yields several protein products. Thus, splicing of a common RNA transcript, as well as post-translational modification of the tau molecule are the main regulatory mechanisms for tau activity on neurons. The single tau gene contains 14 exons encoding for the six different isoforms of this protein (for a review, see 5). Expression of tau isoforms is developmentally regulated, with some differences in the central and peripheral nervous system. In the fetal brain, only the short tau isoforms containing only three repetitive binding motifs are expressed, but after postnatal development neuronal cells can express all six major isotypes of tau. A marked decrease in fetal tau expression occurs in rats after postnatal day 8. At the level of the peripheral nervous system, only the highmolecular weight (110 kDa) isoform of tau containing two additional exons is expressed (23) .
Within this context, another aspect to emphasize in the analysis of cellular factors affecting the extension of neurites by neuronal cells is the role of tau in mediating microtubule-actin filament interactions (5, 10, 24) , an activity that could be involved in regulating the actin cortex and association with plasma membrane in the establishment of architectural patterns during neuronal growth (25) .
Extracellular matrix cytoskeleton and MAPs in the context of neuronal growth
Recent reports have raised the possibility of the involvement of tau as an integral part of the molecular machinery that controls the establishment of neuronal polarity, and have indicated that this protein modulates the expression of extracellular signals and their consequence for neuronal architecture during axonal growth. The main question is how elements of the extracellular matrix become translated into changes in cell morphology and activity. Even though most of the reported data point to tau in the intraneuronal context, recent observations have shed light on the extracellular events involved in neuronal growth. Laminin, a major extracellular matrix molecule, is capable of stimulating the extension of axonal processes as related to MAP-1b phosphorylation (26) . On the basis of redundancy in MAP-1b and tau functions (26) , and further observations on the behavior of neurons from transgenic animals (27) , it is reasonable to think that tau, which is a neuronal substrate of cdk-5, is involved in mediating the laminin effects on neuronal growth. Previous observations have suggested that cdk-5 may serve as a regulatory linker between environmental signals of ECM elements, and MAPs involved in the axonal formation process (26) . The effects of laminin appear to be linked to specific phosphorylations of either MAP-1b or tau, and a reorganization of these MAPs within the neuronal cytoskeleton. These findings are strongly supported by additional observations that inhibition of certain protein kinases abolishes the ECM-mediated promotion of neuronal polarity (28) . A schematic representation of the effects of the ECM is illustrated in Figure 2 .
Extracellular matrix components appear to affect the direction of neurite outgrowth by interacting with the growth cone; however, the way they function has not been elucidated. Elements of the ECM, such as laminin, stimulate neuronal growth (29) , but are also involved in modulating cell contacts and the spreading phenomenon (30) . The concept of a differential cell adhesion provided by ECM elements is restricted to substrate conditions, and the molecular nature of these elements (4). When growth cones are experimentally detached, they show a greater level of contact with collagen and fibronectin substrates as compared with laminin. However, there is evidence that laminin is a significantly better substrate than fibronectin and collagen (31) . Evidence against differential adhesion as a mechanism for laminin function is that adhesion is not a determinant for growth cone preference for substrates. Outgrowth of neurons in culture is faster on a laminin substrate than on a
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Protein kinases axonal growth · mobilization of protein kinases toward distal tips · redistribution of MAP-P Figure 2 -Schematic representation of a hippocampal neuron, and the effects of the extracellular matrix (ECM) in stimulating axonal extension in growing neurons. The scheme indicates that ECM effects (laminin, others) can be transduced in a sequence of molecular events (1 and 2) leading to phosphorylation of neuronal MAPs and incorporation of MAP-P (phosphorylated MAPs) into growing microtubules, and/or activation and redistribution of protein kinases that could be critical for neuronal growth. In the upper part of the figure, closed circles denote differentially phosphorylated MAPs at specific sites, and open circles the normally phosphorylated MAPs.
control substrate, but eventually neurons achieve polarity on either substrate (32) . On the other hand, besides laminin, neuronal proteoglycans are directly involved in the outgrowth of fetal hippocampal neurons (33, 34) . However, the precise mechanisms by which tau protein and other MAPs directly involved in neuronal polarity participate in the action of ECM components are not clear at all.
Extracellular matrix and the glial cytoskeleton
Elements of the ECM are also known to affect the cytoskeleton and morphological changes in cultured astrocytes (35) . It was reported that transforming growth factor (TGF)-beta1 stimulates the production of laminin and fibronectin and their incorporation into the ECM of astrocytes. Furthermore, it is possible that a TGF-beta1-like growth factor is secreted by neuronal cells and induces the glial fibrillary acidic protein (GFAP) gene (36) . This factor also promoted formation of stress fibers and increased the content of actin. These changes in cell shape, cytoskeleton and ECM promoted by TGF beta 1 may be of relevance for understanding the connections between ECM and cell cytoskeleton in the context of brain development (37) . On the other hand, T3 hormone and conditioned media from cerebellar T3-treated astrocytes enriched with EGF and TNF-beta (36) promoted alterations in the GFAP cytoskeleton (38) and fibronectin. Fibronectin, which usually exhibits a discontinuous distribution of control, on the cell surface became diffuse in T3-treated astrocytes (39) . Furthermore, this conditioned medium has been recently reported to induce cerebellar neuronal proliferation due to the presence of EGF and TNF-beta.
Tau proteins could be sensitive to the modulatory effects of ECM on neuronal outgrowth
An interesting observation comes from studies indicating that subsets of tau may act differentially in tau interactions with microtubules, actin and neurofilaments (24) . It is also possible that certain isoforms of tau may respond with different sensitivity to the effects of ECM components on neuritogenesis. However, there is no clear evidence of the specific roles of tau isoforms due to limitations in generating probes to examine their specific roles. Tau function appears to be modulated by ECM and this regulation seems to depend on the nature of ECM elements. In a study of neurite extension in 1 Net assembly obtained after subtraction of the value of control for tubulin selfaggregation in the absence of any cell extract. Final concentration of proteins in the assembly system: 1.5 mg/ml tubulin; 0.14 mg/ml brain extracts. 2 Hippocampal cells in primary cultures were incubated under substrate control conditions, or in the presence of either ECM element. LN, Laminin; HS, heparan sulfate. Tubulin assembly was monitored by the sedimentation assay (40) .
Net assembly 1 (µg microtubules)
Tubulin control (no factors added) 0.0 Tubulin + brain tau 49.9 ± 5.1 Tubulin + control brain extract 2 10.4 ± 2.2 Tubulin + extract incubated with LN 16.4 ± 4.6 Tubulin + extract incubated with HS 14.8 ± 3.0 Tubulin + extract incubated with LN + HS 34.5 ± 2.7
hippocampal cells in primary cultures, laminin stimulated the number of neurons bearing processes, an effect potentiated by the presence of heparan sulfate. An increase was also observed in the fraction of processes that are axon-like as well as in the average length of processes; however, heparan sulfate by itself failed to produce this effect (Table 1) . Therefore, an experiment was carried out in which tubulin polymerization was analyzed in the presence of hippocampal brain extracts obtained from cells cultured under different ECM experimental conditions. Cell that were incubated with laminin and heparan sulfate showed the highest activity of factors inducing microtubule assembly as compared with controls incubated with purified brain tau ( Table 2) . Cosedimentation studies revealed that a higher fraction of tau was associated with polymers obtained from pure tubulin and extracts of the laminin-heparan sulfatetreated cells. These studies shed further light on the molecular analysis of the roles of MAPs, and particularly tau proteins, in the sequence of events by which ECM affects neuritogenesis.
